Spiny shrubs protect non-defended plants against herbivores. Therefore, they play a role for the diversity in grazed ecosystems. While the importance of these keystone nurse shrubs is presently recognized, little is known about the factors controlling them. This knowledge is required to understand the functioning of grazed ecosystems and for sustainable management.
Introduction
Grazing is thought to increase the temporal and spatial heterogeneity in vegetation structure -with mosaics of short grassland, tall swards, shrubs and trees shifting over time and space -thus supporting a rich biodiversity (Olff et al. 1999) . Various studies on ancient grazed ecosystems indeed suggest that large herbivores create and maintain this landscape heterogeneity and inherent diversity (Vera 2000; Bakker, Olff, Vandenberghe, De Maeyer, & Smit 2004; Smit, Beguin, Buttler & Müller-Schärer 2005; Smit, den Ouden & Müller-Schärer 2006) . Also on abandoned agricultural land, heathlands or riverine floodplains ('nature development projects') the introduction of large herbivores leads to heterogeneous landscapes (Bokdam & Gleichman 2000; Van Uytvanck, Maes, Vandenhaute & Hoffmann 2008) .
Plants with defence mechanisms against large herbivores -physically via spines and thorns or chemically via alkaloids or high lignin/cellulose content -play a crucial role for the heterogeneity and diversity in these grazed ecosystems. They protect non-defended species against large herbivores and facilitate their establishment, survival, flowering and seed set, thereby increasing the overall species richness of the community (Rousset & Lepart 1999; Milchunas & Noy-Meir 2002) . These 'nurse' plants also protect palatable tree seedlings against large herbivores and thereby initiate the establishment of isolated forest patches in the landscape (Rousset & Lepart 1999; Bakker et al. 2004; Smit et al. 2005 Smit et al. , 2006 Van Uytvanck et al. 2008) in accordance with the shifting mosaic theory (Olff et al. 1999) . However, while the importance of nurse plants in grazed ecosystems is now well recognized (Smit, Rietkerk, & Wassen 2009) , little is known about the factors driving the dynamics of nurse plants. Such knowledge is of crucial importance for a better understanding of the functioning of both ancient and newly created grazed ecosystems and their sustainable conservation management. In this study we test the impact of vertebrate herbivores on the clonal expansion of the spiny nurse shrub Prunus spinosa (Blackthorn), which plays a keystone role for establishment of palatable Quercus robur (Pedunculate oak) in ancient wood-pasture ecosystems in Western-Europe (Olff et al. 1999; Bakker et al. 2004) .
Grazed ecosystems generally contain multiple species of vertebrate herbivores which may differ in feeding selectivity. While large bulk feeders (e.g. cattle, African buffalo) consume high quantities of low quality material (high C:N ratio), small selective feeders (e.g. roe deer, dikdik) generally include more browse in their diet than large bulk feeders (Hofmann 1989 ) and may therefore be important regulators of shrub encroachment in temperate grasslands (Weltzin, Archer, & Heitschmidt 1997) . Correlative studies indeed show that shrub expansion over decades coincides with the reduction or disappearance of prairie dogs and rabbit densities in respectively prairies (Weltzin et al. 1997) and wood-pastures (Bakker et al. 2004) . Van der Wal, van Wijnen, van Wieren, Beucher, and Bos (2000) showed that browsing by European hares can delay shrub encroachment on salt marshes by more than 25 years. Older observa-tional studies, with a more anecdotic character, report an increase of Ulex europaeus, Rosa spinosissima, Crataegus monogyna, Juniperus communis and Rubus spp. since the advent of myxomatosis in chalk-grasslands in the UK in 1954 (Thomas 1960) , similarly suggesting regulatory effects by a small selective feeder. However, more properly controlled experiments testing the impact of the different herbivores on shrub expansion in temperate grasslands are very scarce (see Weltzin et al. 1997) .
The potential inhibiting effects of herbivores on shrubs may be highest at the young stage when defence mechanisms such as spines and thorns have not yet fully developed (Rackham 1980) , but once established, effects on ramets may disappear. Therefore, the expansion of nurse shrubs may mainly occur during temporary absence or low densities of controlling herbivores. These temporary low densities of herbivores may be caused by migrations, population crashes due to diseases, hunting or management practices and could form a 'window-of-opportunity' for clonal ramets to establish. Such fluctuations due to diseases are still commonly occurring for wild populations of smaller herbivores such as hare or rabbits (e.g. van de Bildt et al. 2006) . In most West-European nature areas however, large herbivores can rarely freely migrate over large distances due to the restricted surface areas, and population crashes are rare due to strict management of herbivore populations. Temporary absence of herbivores can however simply be manipulated by exclosures.
In this study we aimed to quantify the impact of vertebrate herbivory on the expansion of a clonal nurse shrub in ancient grazed wood-pastures. We investigated the effects of a selective feeder (rabbit) and a bulk feeder (cattle) using a stepwise exclosure design, consecutively excluding cattle and both cattle and rabbits. After 3 years, all exclosures were removed in order to study the impact of return of these herbivores. We hypothesized that (1) vertebrate herbivory suppresses clonal shrub expansion; (2) the role of small selective feeders in suppressing clonal shrub expansion is relatively large; and (3) return of vertebrate herbivores after temporary absence does not avert the further growth of established ramets.
Methodology

Study sites
This study was performed at two ancient wood-pastures -Junner Koeland (52 • 32 N, 6 • 29 E) and Prathoek (52 • 31 N, 6 • 30 E), two nature reserves of 100 and 22 ha, respectively, along the river Overijsselse Vecht, The Netherlands. These areas used to be communal grazing land for farmers from nearby villages, and have probably been grazed by livestock since medieval times (Bakker et al. 2004 ). Both sites consist of a mosaic of short grazed grasslands (dominated by Festuca rubra, Agrostis capillaris), swards of tall unpalatable plants (dominated by Juncus effusus, Urtica dioica, Deschampsia cespitosa), shrub thickets (dominated by Prunus spinosa) and woodland (predominantly Pedunculate oak Quercus robur). Prunus spinosa (hereafter Prunus), a deciduous shrub or small tree up to 5 m tall with wide-angled and stiff spiny branches, offers physical protection against large herbivores for seedlings and saplings of palatable woody species such as oak and ash (Fraxinus excelsior) (Bakker et al., 2004) . Prunus mainly regenerates clonally via horizontal rhizomes that can quickly invade surrounding grassland (Coops 1988) . From 1998 to 2003 both sites were grazed by cattle at an average rate of 0.4 LU (livestock units) ha −1 during spring and summer. Estimated densities of European rabbits (Oryctolagus cuniculus) for the period 1998-2003 were also similar between both sites (10.9 and 9.5 ha −1 for Junner Koeland and Prathoek, respectively). Other vertebrate herbivores that occur in the study sites are roe deer (Capreolus capreolus), brown hare (Lepus europaeus) -both at very low densitiesand common vole (Microtus arvalis), bank vole (Clethrionomys glareolus) and wood mouse (Apodemus sylvaticus).
Experimental design
In May 1998 we selected five blocks of 10 m × 15 m in each study site, with individual blocks widely spread over the study sites (smallest distance between blocks being ca. 30 m). Each block was placed in short grassland, perpendicular to the outer edge of a separate mature Prunus spinosa shrub thicket, and consisted of three compartments of 4 m × 9 m, each subjected to one of three treatments: (1) CR: open-to-cattle-and-rabbits, (2) R: open to rabbits, cattle excluded by barbwire at 0.5 and 1 m height, and (3) NO: exclusion of both cattle and rabbits by 1-m high chicken-mesh ( Fig. 1 ). Each 9 m × 4 m grazing treatment was subdivided into 36 plots of 1 m 2 , permanently marked with wooden sticks, where we counted the number of individual Prunus ramets and measured the height and diameter (at base) of all individual ramets. Measurements started at June 1998 and were repeated in 1999 and 2000. After the measurements in 2000 all exclosures were removed with the Fig. 1 . Schematic overview of experimental design of one block (15 m × 10 m) in short grassland adjacent to a mature Prunus spinosa shrub, with plots subjected to cattle and rabbits (CR), rabbits (R) and no cattle and rabbits (NO). aim to mimic reintroduction or recovery of both herbivore species after an absence of 3 years. All measurements on Prunus ramets were repeated in October 2003, 3 years after exclosure-removal.
To estimate rabbit densities in the three treatments we regularly counted and removed rabbit droppings (pellets) in one permanent 4 m 2 plot per treatment in each block in both sites in 1998, 1999, 2000 and 2003. 
Data analysis
For each study year (1998, 1999, 2000 and 2003) we calculated individual ramet volume (v i ) using individual ramet height h i [cm] and ramet diameter d i [cm], according to the following formula: v i = πhid 2 i /12 [cm 3 ]. Hence, ramet volume was estimated assuming a cone shape. Both number and volume of ramets were then summed up over each 4 × 9 compartment (total number and volume of ramets per 36 m 2 compartment) and used as replicated units (5 per treatment per site) for further analyses. We used repeated-measures ANOVA to test for the effects of time (within-subject effects) and for effects of site, block (random factor), grazing and site × grazing on number and volume of ramets over the period 1998-2000 (between-subject effects). We used Greenhouse-Geisser adjustment of degrees of freedom when the assumption of sphericity was violated (unequal variances between groups). When the factor time was significant, we performed a two-way ANOVA to test for effects of site, block (random factor), grazing and site × grazing for the individual years 1998, 1999, 2000 and also for 2003 (3 years after removal of the exclosures). Tukey-tests were used for multiple comparisons between levels of significant factors.
To test whether exclosure-removal had differential effects on the increase of ramet numbers and volume in the three treatments, we calculated the relative expansion (δ) by subtracting the number and volume values for 2000 from the values for 2003, divided by the values for 2000. We used ANOVA to test for differences between site, block, grazing and site × grazing, after log 10 (x + 1) transformation of the response to satisfy the assumptions of normality.
Rabbit densities were estimated from the pellet counts according to the following formula as used by Bankert, in 't Groen and van Wieren (2003) 
where d = density estimate of rabbits (rabbits ha −1 ), μ = mean number of pellets counted, ρ = defecation rate (pellets rabbit −1 day −1 ), T = time between pellet removal and pellet counting (day) and A = surface of each sampling unit (m 2 ). We assumed a defecation rate ρ of 400 pellets per rabbit/day (slightly higher than the 373 pellets/day found by Redondo 2009 ). Rabbit densities were analyzed with repeated-measures ANOVA, testing for the effects of time (within-subjects effects), and of treatment, site and treatment × site for the period 1998-2000 (between-subject effects). We used Greenhouse-Geisser adjustment of degrees of freedom when the assumption of sphericity was violated.
Significant differences between treatments were followed by a Tukey-test. Furthermore, we tested for differences between the CR and R treatments for the period 1998-2000 to find out if rabbits showed a preference for one of these treatments. For the year 2003 (after exclosure-removal) we applied a two-way ANOVA with site, grazing and site × grazing as factors and rabbit density as response. We used SPSS 16.0 for Windows (Chicago, IL, USA) for all statistical analyses.
Results
In total we measured 3735 ramets between 1998 and 2003, with on average 5.48 ± 0.09 ramets (means ± se, range: 1-55) per full 1 m 2 plot, with a height of 36.0 ± 0.55 cm (means ± se, range: 1-400) and a diameter of 0.40 ± 0.006 cm (means ± se, range: 0.1-5.1). At block level, number of ramets ranged from 15 to 618 and ramet volume ranged from 0.3 to 36297.9 cm 3 .
Repeated-measures ANOVA showed that time and time × block had significant effects on the number of ramets (F 1.3,25.3 = 24.878; p < 0.001 and F 5.1,25.3 = 3.556; p < 0.05), while time × site, time × grazing and time × site × grazing were not significant (F 1.3,25.3 = 2.658, F 2.5,25.3 = 1.102, F 2.5,25.3 = 0.280). The number of ramets over time did not show a clear pattern ( Fig. 2A, data shown for sites com- bined as we were interested in general patterns and not in between-site variation). There were no effects of grazingtreatment or site × grazing on number of ramets for the period 1998-2000 nor for separate years ( Fig. 2A ; Table 1A -D), but site was significant, with more ramets in Junner Koeland than in Prathoek.
In contrast, ramet volume showed a clear pattern over time (Fig. 2B) , with a strong increase when cattle and rabbits were excluded, a weak increase when grazed by rabbits only and a negligible increase when grazed by cattle and rabbits. Repeated-measures ANOVA showed that time was significant for ramet volume (F 1.0,21.0 = 23.266; p < 0.001) and so where most time-interactions (time × site: F 1.0,21.0 = 6.854; p < 0.05, time × grazing: F 2.1,21.0 = 10.996; p < 0.001, time × site × grazing: F 2.1,21.0 = 5.805; p < 0.01) except for time × block (F 1.0,21.0 = 2.186). Furthermoreand in contrast to number of ramets -ramet volume was significantly affected by grazing, site and their interaction, while block effects were not significant (Table 1A) . Overall, ramet volume was higher when cattle and rabbits were excluded (NO) than when rabbits (R) and cattle and rabbit (CR) were present (Fig. 2B ), but ramet volume did not differ between the rabbit (R) and cattle and rabbit (CR) treatment. Differences in ramet volume between treatments were not significant for the first 2 years but became significant in 2000 (Table 1D) , with higher values when both cattle and rabbits were excluded (2044 ± 613 cm 3 ) than when rabbits only (619 ± 249 cm 3 ), or cattle and rabbits (267 ± 77 cm 3 ) had access (all means ± se given). Ramet volume was consistently higher in Junner Koeland than in Prathoek, and the effects of grazing were also stronger, as reflected by the significant grazing × site interaction.
Exclosure-removal in 2000 led to a significant expansion of both ramet number and volume in 2003, valid for all treatments (paired t-tests 2000-2003, NO: t = −3.318 and t = −3.724; R: t = −2.634 and t = −3.474; CR: t = −3.237 and t = −3.969 for ramet number and ramet volume respectively; p < 0.05). Results of the ANOVA for 2003 showed that ramet numbers were again unaffected by the former grazing-treatments (Table 1E ). Only effects of site were found, with significantly higher numbers for Junner Koeland than Prathoek. In contrast, ramet volume differed between former grazing-treatments, while site and site × grazing were no longer significant. Differences between former treatments for 2003 were only significant between the NO and CR treatment ( Fig. 2B ).
Yet, the relative increase (δ) of volume after exclosureremoval was not affected by site (F 1,20 = 0.000), block (F 4,20 = 1.593), grazing (F 2,20 = 0.358) or site × grazing (F 2,20 = 0.555), showing similar values for the grazingtreatments after exclosure-removal (all increased). The relative increase (δ) of number of ramets was not affected by site (F 1,20 = 0.605), grazing (F 2,20 = 0.066) or site × grazing (F 2,20 = 0.134), but was affected by block (F 4,20 = 0.328; p = 0.028). (1998, 1999, 2000) (1998, 1999, 2000) and three years after removal of fences (2003) . Years with significant differences in rabbit densities are marked by an asterisk and differences between grazing-treatments (within years) are marked with different superscript letters (p < 0.05; Tukey-test). Rabbit densities showed an overall decrease from 1998 to 2003 (Table 2) , most likely due to the effects of the rabbit hemorrhagic disease. Repeated-measures ANOVA over the period 1998-2000 (exclosure experiment) showed no effects of site (F 1,20 = 0.032), block (F 4,20 = 1.148) or site × grazing (F 2,20 = 0.266), but rabbit densities differed significantly between treatments (F 2,20 = 4.945; p = 0.018), obviously due to exclusion of rabbits in the NO treatment (Table 2) . Rabbit densities did not differ between the CR and R treatments (F 1,20 = 0.615; p = 0.444), indicating that rabbits showed no preference for either CR or R (Table 2) . After exclosureremoval, rabbit densities in 2003 were not affected by any of the factors site (F 1,20 = 3.527), block (F 4,20 = 1.676), grazing (F 2,20 = 0.981) or site × grazing (F 2,20 = 1.027).
Discussion
Results of this study show that grazing by cattle and rabbits exert strong inhibiting effects on Prunus expansion into adjacent grassland in the studied ancient wood-pastures. Ramet volume, but not number of ramets, was heavily affected: 3 years of herbivore-exclusion led to a large increase of ramet volume, while grazing suppressed this expansion significantly. These findings are in accordance with our first hypothesis that vertebrate herbivory suppresses clonal shrub expansion.
Combined grazing by cattle and rabbits (CR) had the largest impact on the clonal expansion. After 3 years, this treatment led to a 7.6-fold reduction in ramet volume compared with the ungrazed control (NO), while rabbit grazing (R) led to a 3.3-fold reduction compared with NO. However, ramet volume did not differ between CR and R over the entire period 1998-2000, nor for any year separately (Fig. 2B ). This implies that the impact of rabbits in inhibiting shrub expansion is relatively large, which is in agreement with our second hypothesis. Impact of rabbits on shrub expansion was already proposed by Bakker et al. (2004) who showed that clonal expansion of Prunus was negatively correlated with rabbit abundance, but our study is the first that supports this idea with a controlled experiment. Similar effects of small-sized selective feeders were found by Augustine and McNaughton (2004) who showed that particularly browsing by the smallsized selective dik-dik antilope (Madoqua kirkii) -and not the non-selective feeding by cattle or elephants -reduced Aca-cia expansion in East African savannas. The relative strong impact of rabbits on shrub expansion can firstly be explained by their diet, which partly consists of woody material (varying from 0 to 40% depending on habitat and season) and particularly of the green parts such as leaves, young ramets and shoots that are selected for in winter, but also during summer (Kaetzke, Niedermeier & Masseti 2003) . Secondly, burrows of rabbits are preferably situated underneath protective structures such as shrubs, offering protection against birds of prey and larger mammalian predators (Bakker et al. 2005; Van Uytvanck et al. 2008) . As most rabbit foraging takes place within 10 m from burrows (Kolb 1991; Dekker 2007) , it is likely that nearby Prunus shrubs suffer from intense rabbit browsing.
The strong reduction in ramet volume at CR compared with NO indicates that also cattle contributed to the suppression of Prunus expansion. Although considered non-selective bulk feeders, cattle do browse upon green leaves and (less thorny) twigs of Prunus spinosa (Buttenschon & Buttenschon 1978; Coops 1988) . Young and small ramets sprouting in grasslands may also be grazed by chance together with more tasty surrounding focal species (Smit et al. 2006 ). This effect is probably weaker for older and taller ramets because they are more obvious to large herbivores (Rao, Iason, Hulbert, Elston & Racey 2003) .
The somewhat stronger effect of rabbits and cattle together could also be the result of facilitation. Large bulk feeders can facilitate feeding of small selective herbivores (Arsenault & Owen-Smith 2002) . Facilitation of cattle for rabbits has been found in Junner Koeland's grasslands (Bakker, Olff & Gleichman 2009) where rabbits preferred cattle-grazed fields, probably due to the short nutritious vegetation that also supplies good outlook possibilities and escape routes from predators. However, cattle did not facilitate rabbits nearby shrubs in our study as there were no differences in rabbit densities between the CR and R treatments. On the contrary, as rabbits strongly inhibit shrub expansion, they may eventually facilitate cattle feeding by maintaining grassland open. This is also suggested by Weltzin, Archer, and Heitschmidt (1997) who describe that prairie dogs may prevent tree establishment and enhance prairie-openness with positive results for cattle. This may be a more general phenomenon, but very little is known about this type of facilitation.
We acknowledge that we cannot assess the impact of cattle grazing alone (without rabbits) on shrub expansion with our study design. We choose for a stepwise exclosure design for reasons of feasibility. A treatment allowing cattle to enter while excluding rabbits would however be ideal for disentangling the individual effects of both herbivore types. Yet, based on our results we can conclude that combined cattle and rabbit grazing importantly suppresses Prunus expansion in wood-pastures, and that particularly the role of rabbits is relatively large. Our results underline the generally overlooked potential for small selective herbivores to control the dynamics of woody vegetation in grazed ecosystems (Weltzin et al. 1997) . By controlling the expansion of spiny shrubs -and the dependent recruitment of palatable trees within these shrubs -rabbits play a similar key engineering role in the landscape as is regularly claimed for large herbivores (Olff et al. 1999; Bokdam & Gleichman 2000) .
Three years after exclosure-removal both ramet number and volume had increased by a factor 2.4 and 8.5, respectively. So, re-established grazing of both herbivores could not set-back the established Prunus expansion. These results are in agreement with our third hypothesis. Absence of cattle and rabbits offers a 'window-of-opportunity' for establishment of young, unprotected ramets. After 2-3 years, when more woody tissue and defensive thorns have developed, they become less attractive and less sensitive to herbivory. Also, as suggested by Coops (1988) , shrub expansion above a certain height can no longer be inhibited by grazers. Obviously, this 'browse-line' is reached earlier by rabbits (ca. 1 m) than by cattle (ca. 1.5 m). Above this browse-line volume increase of Prunus is probably no longer limited by vertebrate herbivory. Indeed, the maximum ramet heights per 1 m 2 in the NO treatments were approaching this browse-line for rabbits already in 2000 (87.5 ± 2.9 cm; mean ± se) and continued to reach the cattle browse-line in 2003 (127.5 ± 4.9 cm), while the R and CR treatments reached maximum ramet heights of 90.4 ± 4.7 cm and 59.8 ± 3.2 cm in 2003, respectively.
In contrast with ramet volume, ramet numbers were not affected by the grazing-treatments during the entire study period. This indicates that, once established, ramets can rapidly expand in height and width (increasing ramet volume) depending on the grazing regime, while shrub expansion via establishment of new ramets is fairly limited in all grazing regimes. This has probably to do with the ramet production of the parent shrubs that is not directly influenced by the different grazing-treatments; grazing by rabbits and cattle can, of course, become effective after the ramets sprout from the rhizome network in the soil. These sprouting ramets may be grazed when emerging in grassland and grazers are present, but will rapidly expand when grazing ceases.
The fact that shrub expansion increased during the last 3 years after exclosure-removal (Fig. 2) may be explained by the declining rabbit population, again supporting the idea that particularly rabbits play a crucial role. Our results are in line with observations of apparent cohorts of Prunus recruitment in shrub thickets that were mainly due to the fluctuations of rabbit densities (Bakker et al. 2004 ). Therefore, we may expect that the recent decline and slow recovery of rabbit populations due the rabbit hemorrhagic disease (van de Bildt et al. 2006 ) will be reflected in new recruitment cohorts of Prunus -comparable to the increase of woody plants after the advent of myxamotosis (Thomas 1960 ) -but also of associated palatable tree recruits that profit from the protection against herbivores. The population crash of rabbits will also have consequences for cattle forage and accessibility as the increased shrub volume will reduce the amount of grassland, as shown in this study.
Our study shows that once Prunus shrubs are present, they can rapidly expand clonally, depending on herbivore presence. The next question to be answered is how new Prunus shrubs establish in these grazed landscapes, hence via seeds. The abundant seed availability and seed dispersal -mainly by thrushes (Snow & Snow 1988 ) -do not seem to be limiting factors in wood-pastures. However, post-dispersal seed(ling) and sapling survival may be limiting, as blackthorn seeds are preferred forage for granivorous rodents (Kollmann, Coomes, & White 1998) and protective vegetation may be needed for the still poorly protected recruits. Future research should focus on the establishment phase of spiny shrubs in woodpastures.
Currently, the management of grazed nature areas in Western-Europe focuses on large herbivores; densities and types (mostly cattle, horses, sheep or deer) are frequently manipulated in order to steer the vegetation in a 'desired' direction. Our study now shows that besides the acknowledged role of large herbivores, particularly small selective feeders such as rabbits play a major role in controlling vegetation dynamics. Furthermore, we show that temporary herbivore absence -due to a (mimicked) population crash or migrations -can lead to increased vegetation structure, with expected positive impact on associated biodiversity. Such fluctuations in herbivore populations presently rarely occur due to the fragmented distribution and limited size of nature areas that do not allow significant migrations, and due to the strict management of herbivore populations. We suggest that for increased dynamics, heterogeneity and diversity in grazed nature areas management should consider allowing such fluctuations in herbivore populations.
